canal, posterior condylar emissary vein, and veins along the petroclival fissure. 26 Anteriorly the jugular bulb is limited by the internal carotid artery, cochlear aqueduct, inferior petrosal sinus, meningeal branch of the ascending pharyngeal artery, lower cranial nerves, and posterior meningeal artery. The posterior limits of the jugular bulb include the sigmoid sinus, occipital bone, and facial nerve, while the superior limits of the jugular bulb include the external auditory canal, middle ear, posterior semicircular canal (SCC), vestibule, and internal auditory canal (IAC; Fig. 1 ).
The upper limit of the jugular bulb is commonly found under the hypotympanum within the middle-ear cavity, 14, 35 and an atypical presentation of the jugular bulb may be visualized as an upward extension of the bulb that invades into the hypotympanum. 35 Sasindran et al. defines this extension of jugular bulb presenting in the middle-ear space with a thin or nonexistent bony septum as a high-riding jugular bulb (HRJB), which has been previously subclassified as "with dehiscence" or "without dehiscence." 35 An alternate definition of an HRJB has been proposed when it is observed above the tympanic annulus or no greater than 2 mm from the IAC. 35 Singla et al. postulated the jugular bulb as high riding when the distance of the summit of the jugular fossa from the round window or IAC was less than or equal to 2 mm or if there is no distance between the jugular fossa and the slit on which the endolymphatic sac opens. 40 MRI offers multiplanar sequences of skull base anatomy that can help the visualization of HRJBs (Fig. 2) . However, high-resolution CT (HRCT) is considered the best imaging modality for evaluation of HRJB. Couloigner et al. has compiled different iterations of diagnosing HRJB based on temporal bone imaging where high location is implicated when the bulb reaches 1) the inferior part of round window, 2) the inferior part of the sulcus tympani, 3) the basal turn of the cochlea, and 4) 2 mm under the inferior edge of the IAC. 7 Shao et al. classified jugular bulbs as 1) grade 1, jugular bulb located less than 1 mm above the lower border of IAC; 2) grade 2, jugular bulb between 1.5 and 3 mm above the lower border of the IAC; and 3) grade 3, jugular bulb greater than 3 mm above the lower border of the IAC. 37 We believe that these anatomical boundaries of the jugular bulb and extent of the bulb itself are not evolving forms, and hence the term "classification" seems to be more appropriate than "grading."
Park et al. subclassified HRJB into two types based on axial CT images: type 1, in which the bulb dome reaches above the inferior part of the round window; and type 2, when the dome is higher than the inferior edge of the IAC. 28, 29 It is apparent that there is no consensus on the exact definition of HRJB, and multiplanar structures that define the critical microsurgical boundaries (SCC, IAC, round window, and endolymphatic sac) of the skull base cannot often be analyzed based only on limited standard axial CT sections of temporal bone, without reconstruction.
The current proposal of the Manjila and Semaan classification accounts for the relationship of the IAC, posterior SCC, and presence or absence of dehiscences into the middle ear or IAC (Fig. 3) . This straightforward and practical classification system with easy subcategorization based on local skull base landmarks would be extremely useful in preoperative planning of surgical corridors and thus achieve satisfactory clinical outcomes. This classification can be readily applied to a wide cohort of cases such as vestibular and jugular foramen schwannomas, giant cholesteatomas, and cochlear implants, as well as endovenous stent/coiling procedures to overcome some of the inherent technical limitations.
In preparation of this paper, the relevant articles were retrieved from the PubMed electronic database. Of 1264 publications on the jugular bulb as of February 27, 2017, 738 articles discussed surgery of the bulb, and 22 of them reported HRJBs. Jugular bulb dehiscences were studied in 57 articles and diverticula in 51 articles. The articles discussing surgery of the jugular bulb were extracted and the data assessed for quality by two reviewers.
Development of the Jugular Bulb
The jugular bulb develops during childhood, particularly when the child has gained the ability to stay upright around 2 years of age. 11, 25, 27, 28 The jugular bulb continues to develop through childhood and becomes stable in adulthood. Once an erect posture is attained in life, the ascending negative pulse waves originating from the right atrium are postulated to be transmitted rostrally into the jugular sinus leading to the dilation or formation of the jugular bulb. 28 Consequently, an HRJB is also considered a risk factor for jugular bulb dehiscence. 12, 28 Because there is growth and plateauing of jugular bulb development with age, there is debate on the role of temporal bone pneumatization and the orientation of SCCs in determining the location of the jugular bulb. Of note, Lee et al. analyzed CT images of 84 patients for petrous apex pneumatization and reported that the pneumatization process in the petrous part of temporal bone is independent of other parts of temporal bone and it may not be influenced by major temporal bone structures. 19 There are theories that the mastoid pneumatization partly determines the location of the jugular bulb; the distance from the external auditory canal to the sigmoid sinus appear to be relatively shorter in cases of little or absent pneumatization. 28 Likewise, with age, SCC orientation changes may also occur. Lyu et al. reported that SCCs have a tendency to tilt anteriorly simultaneously as a whole with age, where the jugular bulb position, especially the anteroposterior position, appears to be correlated with the orientation of SCCs. 20 An HRJB has been associated with the occurrence of Ménière's disease or endolymphatic hydrops in several cases, in which a dehiscence with the inner ear is proposed as the etiology. 3, 5, 7, 13, 31 Symptoms resulting from an HRJB vary and can often be effectively managed medically. While an HRJB may also be asymptomatic, it appears to produce clinical symptoms such as tinnitus, vertigo, dizziness, and hearing loss. The etiology of jugular bulb anomalies is poorly understood, and the pathophysiology of diverticulum formation is relatively unknown. It has been suggested that abnormal venous flow, whether it is hypertension or turbulence, is a contributing factor. 28 Venous flow patterns have been analyzed in the jugular veins, and Kao et al. demonstrated a distinctive helical flow pattern in the proximal IJV, when jugular bulbs are elevated. 15 The role of jugular bulb geometry in the exact causation of pulsatile tinnitus is still debated. 4 In the context of turbulent and slow venous flow, there are often increased signal intensities noted on MRI (in particular T1-weighted images), especially on the side with large or HRJBs simulating an intraluminal mass. A contrast CT venogram, phase-contrast MR venogram, or even careful analysis of non-T1-weighted sequences can exclude an intraluminal "pseudolesion" of the jugular bulb.
An HRJB may be visualized otoscopically as a blue mass behind the tympanic membrane, and a Valsalva maneuver or ipsilateral jugular compression can cause distension of the jugular bulb. 35 When the sigmoid plate is absent, the bulb may protrude into the middle-ear cavity, which is classified as a dehiscent jugular bulb.
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A jugular bulb diverticulum is an outpouching from an HRJB, which is debated to be either a true venous anomaly or a variant of a medially located HRJB. It cannot be visualized otoscopically because it does not extend into the middle ear, so it is diagnosed by radiography. Often this is an incidental finding but some patients pre sent with sensorineural hearing loss from dehiscence into the IAC or posterior SCC, or Ménière's syndrome from encroachment into the endolymphatic sac. 16, 36, 41, 43 Jugular bulb diverticulum is best seen on HRCT or CT as a wellcorticated polypoid projection from the jugular bulb itself, commonly projecting superomedially into the petrous bone medial to the labyrinth and partly covered by the dense otic capsule. HRJBs can pose some surgical challenges when a transotic approach is planned for treating skull base pathologies.
New Classification and Surgical Relevance of Jugular Bulb Anomalies
We propose a new CT scan-based classification for jugular bulb location: 1) type 1, no bulb; 2) type 2, below the inferior margin of the posterior SCC, subclassified as type 2a (without dehiscence into the middle ear) or type 2b (with dehiscence into the middle ear; 3) type 3, between the inferior margin of the posterior SCC and inferior margin of the IAC, subclassified as type 3a (without dehiscence into the middle ear) or type 3b (with dehiscence into the middle ear); 4) type 4, above the inferior margin of the IAC, subclassified as type 4a (without dehiscence into the IAC) or type 4b (with dehiscence into the IAC); and 5) type 5, combination of dehiscences (Table 1) . We have selected these criteria keeping in mind the clinical implications of both microsurgical and endovascular interventions in various otologic/neurosurgical conditions (Figs. 3-6) .
We have made appropriate CT and MR images of the skull base to elucidate the criteria for classification and further demonstrated these using 3D reconstruction of DICOM files (Fig. 6) . High spatial resolution CT patient data of representative HRJB classifications were acquired for visualization of key anatomical structures. Segmentation software (Materialise Mimics 21) was used to model the anatomy for each patient. Following the import of each CT scan into the software, automatic segmentation tools produced a 3D model of the bony skull. The IAC, SCC, and jugular vein were manually segmented slice by slice in the software. Segmented anatomies were exported as STL (Standard Tessellation Language) files. Freeform from 3DSystems performed further refinements to the 3D models as needed, then produced images with transparent bone anatomy and colored IACs, SCCs, and jugular veins. For video production, stereolithographs from one patient were exported from Freeform to a .bip format to be used with Luxion Keyshot 5. Rotations were prescribed to the parts with Keyshot, then rendered to produce a video centered around the pertinent anatomies. Video reconstructions were created to understand the 360° rotational anatomy from the perspective of various posterior and posterolateral skull base approaches to jugular foramen lesions and anterior cerebellopontine angle (CPA) lesions (Video 1). 
Posterior Fossa Microsurgery and HRJBs
There are several microsurgical techniques and landmarks for safe exposure of the jugular foramen and its contents in lateral/far-lateral surgical approaches to the skull base.
CPA tumors (vestibular or nonvestibular schwannomas and meningiomas) are the most common extraaxial lesions of the posterior fossa. 42 Acoustic schwannomas that arise from the CPA will usually present with highfrequency hearing loss. Nonvestibular schwannomas, however, will have predominating cerebellar symptoms and other cranial nerve deficits. Imaging characteristics are often diagnostic of these lesions, and may also demonstrate the presence and location of an HRJB. Treatment often includes microsurgical resection of the tumor with attempt to preserve facial nerve function, but observation or subtotal resection may alternatively be entertained depending on the extent of hearing loss, facial nerve function, and systemic medical status of the patient. 42 The standard treatment for CPA meningiomas is microsurgical excision with the objective of complete resection of the tumor, preferably including that of involved dura and hyperostotic bone depending on the anatomical extent of the lesion and involvement (encasement vs displacement) of adjacent neurovascular structures. Alternative options include stereotactic radiotherapy or open craniotomy with preoperative embolization, and the multimodality of treatment offered to the patient depends on the experience of the surgeon, institutional protocols, and patient preference. Complications of a retromastoid suboccipital approach to the CPA include hearing loss (most common), injury to the anterior inferior cerebellar artery or its labyrinthine branch (resulting in hemorrhage/ischemia and hearing loss, respectively), cerebellar retraction injury, facial paresis with or without vestibular dysfunction, lower cranial nerve and brainstem injury, and hydrocephalus, apart from wound-related issues like postoperative intracranial bleeds, CSF leak, and pseudomeningocele. Among the above-listed morbidities from a retromastoid suboccipital approach, only the drilling of the IAC would accentuate the risk of hemorrhage or facial paresis with or without vestibular dysfunction in an HRJB. An HRJB, if encountered in the translabyrinthine approach of acoustic schwannomas, can be exposed after extensive bone decortication and decompressed during surgery by pressure using Gelfoam and cottonoids. 23 The relationship of an HRJB in a transotic approach is critical as it can hamper the near-circumferential exposure of the IAC in the latter. 46 HRJBs can make endoscopic access to the IAC very difficult in certain cases, just like in other skull base approaches to the region. 21, 30, 34 We feel that the currently proposed classification can offer safer and more efficacious surgical planning to the described region. In Manjila and Semaan classification types 1 and 2, a transpetrous approach to the posterior fossa (translabyrinthine approach) provides adequate exposure given adequate skeletonization of the sigmoid sinus and dome of the jugular bulb is performed. In types 3 and 4, the exposure is hindered by the height of the bulb. The risk of injuring the jugular bulb in increased in a transpetrous approach in type 3 and 4 bulbs. The retrosigmoid approach can provide a wider exposure to the CPA, but the risk of injuring the jugular bulb is increased in type 3 and 4 bulbs during removal or drilling of the posterior lip of the IAC to expose the lateral two-thirds of the IAC.
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Jugular foramen schwannomas are another subset of skull base lesions in which an HRJB can be a surgical risk for intraoperative hemorrhage. 17 The jugular foramen can be accessed via many approaches, including a postauricular transtemporal approach, retrosigmoid approach, far-lateral approach, and preauricular subtemporal-infratemporal approach, to name a few. There are many microsurgical modifications and endoscopeassisted options described in the neurosurgical literature. There can also be torrential venous hemorrhage from inadvertent injury of an HRJB in these operations. The potential surgical option for intraoperative management includes a firm packing of the jugular bulb with possible clipping of the sigmoid sinus. The sigmoid sinus can also be taken down with a ligature introduced using an aneurysm passer. However, there were concerns of developing iatrogenic cranial neuropathies from closing down the inferior petrosal sinus inflow. An endovascular transvenous intervention may be considered a minimally invasive option if readily available and a patient can be maintained hemodynamically stable for the embolization procedure.
Of many clinical pathologies, a glomus jugulare tumor is an uncommon pathology of the skull base that can prove challenging to treat. 9 While observation is a treatment option, interventional modalities include resection, endovascular embolization, and stereotactic radiation therapy, or a combination of these 3 methods. 9 Combination therapy is likely the best option for patients with preserved cranial nerve function, although the decision-making algorithms are more complex and debatable. When complete tumor resection with preserved function is achievable, surgery is considered the best treatment option. 9 The surgeon should be aware of any underlying jugular bulb anomalies, bone erosions, additional venous tributaries, and venous outflow channels prior to surgical intervention, regardless of a specific approach taken when operating on glomus jugulare tumors. The patient's unique presentation, age, medical history, tumor characteristics, and lower cranial nerve status are important in evaluating the treatment plan. 9 Endovascular anatomy of the jugular bulb and its tributaries plays an important role in the clinicoradiological outcome of staged treatment of these lesions. 47 HRJB is not per se a contraindication for middle-ear surgery, however, there are reports of inadvertent intraoperative injuries and being aware preoperatively may minimize this risk. 32 The surgeon should be mindful of an HRJB when it is identified preoperatively, as these patients are at greater risk for complications during middle-ear surgery than patients with normal anatomy. The management of symptomatic HRJB is usually conservative and medical (labyrinthine sedatives, control of systemic hypertension, etc.), although there are cases of surgical management if severe symptoms such as vertigo, hearing loss, or tinnitus are present. 45 One surgical option is jugular-vein ligation, which has shown successful outcomes, but there is an associated risk of idiopathic intracranial hypertension. The surgical management of jugular bulb dehiscence comprises mastoidectomy and impaction of bone wax, with the risk of injury to the facial nerve, middle ear, and dura mater. Dehiscent bulbs can also be resurfaced using hydroxyapatite cement. 8 Preoperative awareness of HRJB is also important in patients with cochlear implants as well as resection of giant cholesteatomas of the mastoid that require combined surgical approaches.
6,18,45 Miller et al. described the usefulness of decompressing and retracting the jugular bulb to improve infralabyrinthine drainage of cholesterol granulomas. 23 They also demonstrated surgical techniques for jugular bulb decompression and retraction to expand infralabyrinthine access for the biopsy and gain access to petroclival tumors with minimal to no intracranial extension. and jugular bulb diverticula. Trivelato et al. described a case of jugular bulb diverticulum associated with transverse-sigmoid sinus stenosis, presenting with pulsatile tinnitus. 44 The patient underwent dural sinus stent placement and selective embolization of the diverticulum with good results. Mortimer et al. reported a case of a 58-year-old woman with two wide-necked jugular bulb diverticula (which extended superiorly and laterally) that showed resolution of pulsatile tinnitus at 10 months' follow-up after 2-stage procedures. 24 Using a transfemoral approach they catheterized the right IJV and a self-expandable Luminexx stent (Bard Peripheral Vascular, Inc.) was deployed, and then Penumbra microcoils were used to treat the superior diverticulum with initial partial symptomatic relief. At 5 months the superior diverticulum was found to be thrombosed on the repeat catheter venogram. The partially filling lateral diverticulum was then treated with multiple coils and the patient subsequently became asymptomatic. Signorelli et al. demonstrated endovascular treatment of two concomitant cases of pulsatile tinnitus involving sigmoid sinus stenosis and ipsilateral jugular bulb diverticula. 39 Shihada et al. described endovascular embolization of a hemorrhagic jugular bulb diverticulum. 38 The proposed novel classification of jugular bulb positions would help predict anatomical location of likely hemorrhage in a given surgical procedure or approach where it is likely to be injured. The new Manjila and Semaan classification has a 3D perspective that allows better planning of endovascular transvenous intervention as in the case of jugular venous stenting, especially with increasing use of flatpanel CT (DynaCT, Siemens) in postoperative follow up. Incorporating osseous anatomy into jugular transvenous procedures is akin to corroboration of angiographic segments of intracranial carotid artery into the planning of transarterial stent deployment.
Conclusions
The authors have proposed a novel anatomical/radiological classification system for jugular bulb location. The close anatomical relationships of internal acoustic meatus and SCCs were recapitulated and validated by artistic rendition and 3D reconstruction of DICOM data from representative patient samples. We believe that this classification system will help skull base surgeons in the choice of surgical approaches, complication avoidance, and management, as well as addressing HRJBs, dehiscence, or diverticula adjacent to the surgical corridors. Additionally, this novel classification has a 3D rotational perspective that can also allow better planning of endovascular transvenous interventions, such as in jugular venous stenting across the skull base.
